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Summary 
The synergistic effects of potential amino donors were studied in the assay of CTP synthetase in extracts of 
Chinese hamster fibroblasts. We found that L-glutamine was not effective as the sole amino donor, but 
combinations of L-glutamine with NH4HCO3, L-arginine or potassium phosphate did result in the conver- 
sion of UTP to CTP. L-arginine or potassium phosphate were also not effective when used alone, and 
NH4HCO3 was only slightly effective. Our studies demonstrate that the individual synergistic combinations 
were not additive; multiple combinations of components decreased rather than increased the formation of 
CTP. 
The synergistic combinations of L-glutamine with either NH4HCO 3 or L-arginine had an absolute 
requirement for ATP; when ATP and PEP were absent no conversion of UTP to CTP occurred. The presence 
of GTP in a reaction mixture slightly increased the formation of CTP when L-glutamine and NH4HCO 3 were 
used and substantially increased CTP formation when L-glutamine and L-arginine were used. De novo CTP 
synthesis was greatly reduced when nonradioactive CTP was added to an assay mixture, suggesting feedback 
inhibition. 
A TLC procedure has been developed that allows for the direct separation of UTP and CTP without 
requiring prior conversion to the mononucleotide or nucleoside level. 
Abbreviations 
fl-ME, fi-mercaptoethanol; PEI, polyethylenei- 
mine; PEP, phosphoenolpyruvate; TLC, thin layer 
chromatography. 
Introduction 
Cytidine 5'-Triphosphate synthetase (CTPS, E.C. 
6.3.4.2) catalyzes the irreversible reaction: UTP + 
glutamine (or NH3) + ATP M ~2+ GTP ~ " CTP + glumatic 
acid ÷ ADP + Pi. When glutamine is used as the 
amino donor, GTP is an allosteric effector; when 
NH 3 is the amino donor,  GTP is ineffective (1). 
CTPS enzyme assays have been published utilizing 
a plethora of tissues and cells (2-11). CTPS enzyme 
assays depend on the ability to detect the conver- 
sion of UTP to CTP. There are basically two types 
of assay procedures: 1) a spectrophotometric pro- 
cedure that detects the accumulation of CTP (6, 
12), and 2) radioisotopic procedures that detect the 
conversion of the radioactive substrate UTP to the 
product CTP. These radioisotopic methods either: 
a) require acid hydrolysis of UTP and CTP to the 
mononucleotide level, followed by chromatography 
(2, 3, 5, 6, 8, 10, 11, 13, 14), b) require enzymatic 
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conversion of UTP and CTP to the nucleoside level, 
followed by chromatography (7), or c) directly se- 
parate UTP and CTP by chromatography (3, 4, 8, 
9). The radioisotopic assay procedures are more 
sensitive than the spectrophotometric procedure, 
allowing for a reduction in the total assay volume. 
A procedure that allows for the direct chromato- 
graphic separation of UTP and CTP has the advan- 
tages of eliminating extra manipulation of the sam- 
pies, as well as allowing multiple samples to be run 
on a single TLC sheet. In this paper we describe an 
improved TLC procedure that can directly separate 
UTP and CTP to a greater extent than was possible 
using the published procedures. Our method has 
the additional advantage that CTP migrates with a 
greater Rf than UTP; this minimizes the chance 
that the minor component,  CTP, Will be contami- 
nated by streaking of the major component UTP. 
In all of the CTPS assay procedures we were 
aware of, the amino donor could be either L-glu- 
tamine or NH 3. However, our initial CTPS assays 
of Chinese hamster lung cell extracts, using L-glu- 
tamine, failed to detect a conversion of UTP to 
CTP. Our observation that the addition of a source 
of NH 3 (NH4HCO3) to the assay mix already con- 
taining L-glutamine resulted in the formation of 
CTP was later discovered to be an example of ap- 
parent synergism between amino donors, a pheno- 
menon hitherto unreported. We further demon- 
strated that the synergistic combination of L-glu- 
tamine and L-arginine, or to a lesser extent L-glu- 
tamine and inorganic phosphate, also resulted in 
the conversion of UTP to CTP. 
Materials and methods 
Materials 
[2-14C] UTP, tetrasodium salt (46.8 mCi/mmol) 
was purchased from New England Nuclear Corp. 
(Boston, Massachusetts). Polyethyleneimine (PEI) 
cellulose thin layer plates (Polygram Cel 300 PEI) 
were purchased from Brinkmann Instruments, Inc. 
(Westbury, New York). The biochemicals were 
purchased from Sigma Chemical Co. (St. Louis, 
Missouri); other chemicals were of reagent grade 
and were purchased from various sources. 
Conditioning of  PEI thin layer sheets 
Prior to use in the CTPS assay, the PEI thin layer 
sheets were developed overnight in 10% NaC1; this 
step washed a yellowish material to the top of the 
thin layer sheet. The thin layer sheets were imme- 
diately washed with running distilled water for 
about 1 minute; this step is very important, as the 
distilled water washed off the NaC1 solution and 
most of the yellowish material at the upper edge of 
the plate. Insufficient washing with distilled water 
will leave NaC1 on the plate and will interfere with 
the subsequent use of the plate in the CTPS assay. 
The washed plates were then dried in a hood and 
stored in a box in a refrigerator. 
Thin layer chromatography 
A 20 X 20 cm conditioned PEI cellulose TLC 
sheet was lightly marked with a pencil prior to 
spotting, to denote the sample lanes. A horizontal 
line was drawn 2 cm from the 'bottom' of the TLC 
sheet; the 'bottom' was that side of the TLC sheet 
that was placed in 10% NaC1 as part of the condi- 
tioning process. Six sample lanes of 1.5 cm width 
could be marked along the line with ample spacing 
to prevent overlap. Twenty #1 of a mixture of non- 
radioactive UTP, CTP and UDP at a concentration 
of 3.3 mM each was spotted and dried on each 
sample lane prior to spotting the aliquots from the 
reaction mixture. Non-radioactive UTP, CTP and 
UDP markers were spotted between sample lanes. 
After all samples had been spotted and dried on the 
TLC plate, the plate was developed in a rectangular 
glass tank using 0.5 N HC1; the TLC plate was dried 
overnight in a hood. The marker spots were located 
using short wave UV light (254 nm), and the areas 
corresponding to UTP, CTP and UDP were care- 
fully outlined with a pencil. Rf values using this 
system are: UTP, 0.09; CTP, 0.25; and UDP, 0.51. 
The UV visible bands with Rf values less than CTP 
correspond to ATP and GTP, which are compo- 
nents of the assay reaction mixture; the separate 
CTP marker will clearly indicate the area to be 
circled and counted as CTP. When the developed 
plate is observed under UV, one will see several 
wavy horizontal lines at Rf 0.7 to 0.85; the com- 
pounds UMP, CMP, and CDP will migrate to- 
gether between the wavy lines at Rf's of 0.73, 0.76 
and 0.72 respectively. Four areas are cut out for 
each sample lane, corresponding to the UTP, CTP 
and UDP markers, as well as the area between and 
including the wavy lines (UMP, CMP and CDP) 
and each is counted separately in a liquid scintilla- 
tion vial. The gross percentage of t0tal cpm for each 
component,  i.e. UTP, CTP etc., is calculated by 
dividing the cpm for each component  by the sum of 
the cpm for the four areas counted. 
Cell culture 
A Chinese hamster cell line (V79), derived origi- 
nally from the lung tissue of a male Chinese ham- 
ster, was used. The growth medium was a modified 
Eagle's Minimal Essential Medium supplemented 
with 5% fetal calf serum. Cells were seeded at 1-2 
X 106 per 10 cm tissue culture dish and grown for 
two days at 37 ° C in a humidified incubator sup- 
plied with 5% CO2 in air. Cells at log phase of 
growth from 12-16 dishes were collected using 
0.01% trypsin in phosphate-buffered saline (PBS). 
After two washes with PBS, cells were ready for 
immediate use or stored at 70 ° C. 
Preparation o f  cell extracts 
Cell pellets were mixed with 0.4-1.0 ml of one of 
the following buffers: 1) 0.08 M Tris, pH 7.4; 2) 0.08 
M Tris, pH 7.4, 40 mM L-glutamine, 40 mM /3- 
mercaptoethanol (/3-ME); 3) 0.075 M glycylglycine, 
pH 7.4, 20 mM/3-ME; or 4) 0.075 M glycylglycine, 
pH 7.4, 20 mM L-glutamine, 20 mM/3-ME. Dis- 
ruption of cells was accomplished by either soni- 
cation or homogenization. Sonic disruption was 
done by a) placing the cell suspension in a 1.5 ml 
conical centrifuge tube, b) immersing the lower half 
of the tube in ice water, and c) sonicating the cell 
suspension in short bursts (5-15 sec), followed by 
cooling periods, for a total sonication time of up to 
1 minute. A Branson Sonifier Cell Disrupter, Mo- 
del 185, with a stepped microtip was used. Homoge- 
nization was achieved using a motor driven teflon 
pestle and a plexiglass holder. The cell suspension 
was placed in the holder and the lower half of the 
holder was placed in ice water; 50 strokes of the 
teflon pestle were used to disrupt the cells. Disrupt- 
ed cell suspensions were placed in 1.5 ml conical 
centrifuge tubes, and the tubes were centrifuged at 
11 000 rpm (approx. 15 000 X g) for 15 minutes, 
using a Sorvall centrifuge and SS-34 rotor. The 
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supernatants were removed and placed in new coni- 
cal centrifuge tubes for storage at -70 o C, or were 
subjected to an additional ultracentrifugation step. 
Using polycarbonate bottles made for use with the 
Beckman type 50 fixed angle rotor,  the ultracen- 
trifugation was carried out at 40 000 rpm (approx. 
100 000 X g) for 60 minutes at a temperature of 5- 
10 o C. The supernatants obtained were placed in 
1.5 ml conical centrifuge tubes and stored at -70 ° C. 
CTPS enzyme assay 
The assay of CTP synthetase is based on the 
conversion of 14C-UTP to 14C-CTP, followed by the 
separation of substrate and product(s) by PEI cellu- 
lose TLC. The reaction mixture generally con- 
tained the following components and final concen- 
trations: glycylglycine, pH 7.4, 0.075 M or 0.105 M; 
ATP, 8 mM; PEP, 8 mM; GTP, 4raM; NaF, 
10 mM; MgC12, 20 mM; B-ME, 20 mM or 28 mM; 
UTP, 0.2 mM; and [2-14C] UTP, 4.27 X 10 5 M, 
0.1 ~Ci/50 #1 final assay volume. The amino do- 
nors and their final concentrations, as well as other 
components, are listed in the legends for each table 
and figure. The assays were run using 1.5 ml conical 
centrifuge tubes and the final volume of the reac- 
tion mixture was 50 ~1 (25 #1 for some experi- 
ments). All assays were performed at 37 ° C using a 
temperature block. The CTPS assay was initiated 
by adding 20 ~1 of cell extract to give a final volume 
of 50 #1 (exceptions as noted in legends). At various 
times after adding the cell extract, a 5/~1 aliquot of 
the assay mixture was spotted directly on a 1.5 cm 
lane on a conditioned PEI cellulose TLC sheet and 
was dried with warm air from a hair dryer. After all 
samples had been spotted and dried on the TLC 
sheet, the sheet was developed in 0.5 N HC1, as 
indicated in the section on thin layer chromato- 
graphy. 
Results 
Amino  donors in the CTPS assay 
Our initial CTPS assays of V79 Chinese hamster 
lung cell extracts, using L-glutamine as the amino 
donor, failed to detect any conversion of UTP to 
CTP. Two approaches were used to pinpoint the 
problem with the assay. The first approach in- 
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volved the use of another potential amino donor, 
NHaHCO3, in combination with L-glutamine. The 
second approach was aimed at reducing possible 
breakdown of ATP and GTP during the course of 
the assay by adding inorganic phosphate to the 
reaction mixture; Table 1 shows the results of these 
experiments. L-glutamine, when used alone as the 
amino donor, is clearly not effective, while the 
combination of L-glutamine and NHaHCO 3 results 
in substantial conversion of UTP to CTP. The 
combination of L-glutamine and potassium phos- 
phate also results in the production of CTP, but at a 
lower level. Table 1 A shows that the combination 
of L-glutamine, NH4HCO 3 and potassium phos- 
phate results in a level of CTP production that is 
intermediate between the two individual combina- 
tions, suggesting that the three components may be 
competitive in nature. 
When either L-glutamine or potassium phos- 
phate alone was present in the assay mixture, little 
or no CTP was formed (Table 1 B). When NH4HCO 3 
alone was used, some CTP was produced, but the 
amount  was considerably less than when L-gluta- 
mine and NH4HCO 3 were used together. Further- 
Table 1. Effect of  amino donors  in the assay of CTPS using V79 
cell extracts. For part A, the cell extract  was prepared in 0.08 M 
Tris, pH 7.4, and used without ultracentrifugation. The assay 
volume was 50 #1 total, including 20 #I of cell extract. The final 
concentrations of components  were: 0.032 M Tris, 0.075 M gly- 
cylglycine, pH 7.4; 8 m M  ATP; 8 m M  PEP; 4 m M  GTP; 20 m M  
MgC12; 20 m M  /3-ME; 10 m M  NaF; 0.2 m M  non-radioactive 
UTP; 4.27 X 10 5 M [2-~4C] UTP; 0.! #Ci /50 #1 assay volume. 
Fort  part  B, the cell extract was prepared in 0.075 M glycylgly- 
cine, pH 7.4, 20 m M  fl-ME and ultracentrifuged prior to use. 
The final concentrat ions of components  were: 0.105 M glycylg- 
lycine, pH 7.4; 28 mM B-ME; others as above, excluding Tris. 
The rest are listed in the table. 
Amino donor(s) a Gross % of total cpm 
as CTP/3  hr 
incubation 
A B 
L-glutamine 0.46 0.60 
L-glutamine + NH4HCO 3 19.03 30.90 
L-glutamine + potassium phosphate 9.36 9.55 
L-glutamine + NH4HCO3 + 
potassium phosphate 12.41 
NH4HCO 3 4.73 
Potassium phosphate 0.46 
a Final concentrations of all compounds  were 20 mM; that of 
NH4HCO 3 was 40 mM. 
Table 2. Synergistic combinations of amino acids as amino do- 
nors in CTP synthesis. Preparation of V79 cell extract and assay 
conditions were the same as those detailed in Table 1B except 20 
mM L-glutamine was included in the extraction buffer. 
Additional compound a L-glutamine 
28 mM 8 mM 
None 
NH4HCO 3 
Potassium phosphate 
Carbamyl phosphate 
Urea 
L-citrulline 
L-ornithine 
L-arginine 
L-lysine 
L-asparagine 
L-serine 
L-threonine 
L-aspartate 
L-arginine + NH4HCO 3 
L-arginine + 
potassium phosphate 
L-arginine + NH4HCO 3 
+ potassium phosphate 
0.51 b 
24.69 
4.35 
23.10 c 
0.60 
0.39 
0.54 
0.39 
21.51 
0.39 
0.48 
0.26 
0.30 
0.50 
14.93 
15.12 
13.01 
18.89 ~ 
a Final concentrat ion of each was 20 m M  except that of 
NH4HCO 3 was 40 mM. 
b Gross % of total cpm as CTP after 3 hr incubation. 
c Repeat determination on different days using the same extract. 
more, when L-glutamine and potassium phosphate 
were used together some CTP was formed. Thus, 
the combination of L-glutamine and NH4HCO 3 or 
potassium phosphate appears to be an example of 
synergism in the conversion of UTP to CTP, and 
L-glutamine is the common and necessary compo- 
nent. 
The possibility was tested whether other poten- 
tial amino donors may also synergistically combine 
with L-glutamine to convert UTP to CTP. The 
results (Table 2) again demonstrate the synergistic 
combinations of L-glutamine and NH4HCO 3 or 
potassium phosphate. Only L-arginine, of all the 
potential amino donors tested in combination with 
L-glutamine, can convert UTP to CTP. The grea- 
test conversion of UTP to CTP was observed when 
only L-glutamine and L-arginine were in the reac- 
tion mixture as potential amino donors. The addi- 
tion of NHaHCO 3 or potassium phosphate, or 
both, reduces the amount  of CTP formed. Again 
the presence of multi amino donors reduces rather 
than enhances the conversion of UTP to CTP, pos- 
Table 3. Similarities and differences in the effect of amino do- 
nors in assays of CTP synthetase comparing extracts of two 
different lines of Chinese hamster  cells. Preparation of V79 cell 
extract and assay conditions for parts A and B, performed on 
different days, were the same as those described in Table IB. 
Preparation of CHO-KI cell extract and assay conditions for 
parts C and D, performed on different days, were the same as 
those described in Table IA. 
Amino donor(s) a Gross % of total cpm as 
CTP/3  hr incubation 
A B C D 
L-glutamine 0.41 
L-arginine 0.98 
L-glutamine ÷ L-arginine 32.81 
L-glutamine + NH4HCO3 
L-arginine + NH4HCO 3 
L-arginine + potassium phosphate 
L-glutamine + potassium phosphate 
32.55 
5.67 
0.76 
2.27 
2.31 
32.08 
2.81 
32.42 
31.49 
a Final concentrations of all compounds  were 20 mM; that of 
NH4HCO 3 was 40 mM. 
sibly due to competition between amino donors. 
Table 3A gives the results of a separate experi- 
ment showing that the conversion of UTP to CTP 
by the combination of L-glutamine and L-arginine 
appears to be a synergistic process. L-arginine plus 
potassium phosphate yields little or no CTP, while 
L-arginine plus NH4HCO 3 results in some CTP 
production at a level that is considerably less than 
the amount  of CTP produced by L-glutamine and 
N H 4 H C O  3 (Table 3B). This suggests that the syner- 
gistic combination between L-arginine and L-glu- 
tamine is specific and unique. 
Table 3 also shows the results of experiments 
performed using cell extracts of Chinese hamster 
ovary CHO K1 cells. When L-glutamine or L-argi- 
nine was used separately as the sole amino donor,  a 
small but measurable conversion of UTP to CTP 
was observed. However, when L-glutamine was 
combined with NH4HCO3, potassium phosphate or 
L-arginine, a substantial conversion of UTP to 
CTP occurred. 
Non-involvement of  glutaminase 
Glutaminase [E.C. 3.5.1.2] hydrolyzes L-gluta- 
mine to give L-glutamate and NH 3. The apparent 
synergism we observed between L-glutamine and 
NH4HCO 3 could be explained by the possibility 
that the ammonia source (NH4HCO3) inhibits the 
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breakdown of L-glutamine. In the absence of am- 
monia, L-glutamine might be hydrolyzed, prevent- 
ing CTP synthetase from converting UTP to CTP. 
The results of our experiments (data not shown) 
have ruled out this possibility. When the CTP syn- 
thetase assay contained 3H-UTP and ~4C-L-gluta- 
mine, we determined if CTP was formed and if 
L-glutamine was hydrolyzed to L-glutamate. When 
the reaction mixture contained ~2C and ~4C L-glu- 
tamine, but not NHaHCO3, we observed practically 
no CTP formation or hydrolysis of L-glutamine. 
When NH4HCO 3 was present in addition to lzc and 
~4C-L-glutamine, CTP was readily formed and a 
small amount of L-glutamate was also formed. 
Obligatory components in the CTPS assay 
The biochemical equation describing the CTPS 
reaction indicates that three components are re- 
quired as substrates, i.e. UTP, L-glutamine or NH3, 
and ATP. Additionally, Mg 2+ is required and GTP 
is an allosteric effector when L-glutamine is used. 
Table 4 summarizes the results of an experiment in 
which key components were omitted from a CTPS 
reaction mixture. There are two parts to the expe- 
riment: the first part uses both L-glutamine and 
N H 4 H C O  3 a s  the amino donors, and the second 
part uses both L-glutamine and L-arginine as the 
amino donors. When both L-glutamine and 
N H 4 H C O  3 w e r e  included in a complete reaction 
mixture containing all necessary components, sub- 
stantial conversion of UTP to CTP took place. The 
elimination of GTP from the reaction mixture re- 
sults in some reduction (about 16%) in the produc- 
tion of CTP. When only ATP and PEP were elimi- 
nated, essentially no CTP was formed; this was 
expected because ATP is a necessary component. 
When only NH4HCO 3 was eliminated, essentially 
no CTP was formed. We have shown earlier that 
the combination of L-glutamine and NH4HCO 3 is 
required as amino donors, so the removal of 
NH4HCO 3 from a reaction mixture prevents the 
formation of CTP. When the combination of L-glu- 
tamine and L-arginine was used as amino donors in 
a complete reaction mixture, UTP was converted to 
CTP. The elimination of GTP from the reaction 
mixture results in a reduction (about 51%) of CTP 
formation. When both ATP and PEP were omitted 
from an otherwise complete reaction mixture, es- 
sentially no CTP was formed. Finally, when only 
Table4. O b l i g a t o r y c o m p o n e n t s i n t h e a s s a y o f C T P S  with V79 cell extracts. Preparat ionofcel lext ract  was the same as those described 
in Table 1B except 20 m M  L-glutamine was included in the extract buffer. The assay conditions remained the same. The concentrations 
of ATP,  PEP and GTP were those for the complete reaction mixture; they were deleted where indicated in the table. 
Composit ion of assay mix Amino donor(s) Final concentration Gross % of total cpm 
of amino donor(s), mM as CTP/3  hr incubation 
Complete L-glutamine 28 
+ 12.64 
NH4HCO 3 40 
-NH4HCO 3 L-glutamine 28 0.19 
-ATP,  -PEP L-glutamine 28 
+ 0.29 
NH4HCO3 40 
-GTP L-glutamine 28 
+ 10.60 
NH4HCO 3 40 
Complete L-glutamine 8 
+ 7.86 
L-arginine 20 
-L-arginine L-glutamine 8 0.3 l 
-ATP,  -PEP L-glutamine 8 
+ 0.17 
L-arginine 20 
-GTP L-glutamine 8 
+ 3.85 
L-arginine 20 
L-arginine was eliminated, practically no CTP was 
formed. 
Time course of the CTPS assay 
The conversion of UTP to CTP appears to pro- 
ceed linearly with time until about  20-25% of the 
substrate UTP (initial concentration is 0.2427 mM) 
has been converted to CTP, whereupon the rate 
gradually decreases (Fig. 1). The decrease in CTP 
format ion could be due to substrate depletion and/  
or CTP feedback inhibition. 
Inhibition of CTP synthetase by CTP 
I I ! I I I In a control experiment (not shown) using 
0.2427 mM UTP, 28 mM L-glutamine and 40 mM 
NH4HCO 3 plus all other necessary components,  
23.2% gross conversion of UTP to CTP occurred 
after 3 hr of incubation. When 0.2 mM non-ra- 
dioactive CTP was added to a complete reaction 
mixture prior to the start of the assay, only 6.5% 
gross conversion of UTP to CTP per 3 hr of incuba- 
tion occurred. This is about  a 72% reduction in 
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Fig. l. Time course of the CTPS assay Using V79 cell extracts. 
Preparation of cell extract and assay conditions were the same as 
those described in Table lB. 20 mM L-glutamine and 40 mM 
NH4HCO 3 were included in the reaction mixture which had a 
total volume of 100 #1, including 40 t~l of the cell extract. Five #l 
samples are taken at t--0' (immediately after adding the cell 
extract), and at one-half hour intervals up to 3 hr. 
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Fig. 2. Amount of CTP produced vs amount  of V79 cell extract 
used in the CTPS assay. Preparation of cell extract and assay 
conditions were the same as those described in Table 1B and 
Fig. 1 except that the total volume of the reaction mixture was 
25/xl including 0 8 #1 of the cell extract. The incubations were at 
37 °C for 2 hr. 
CTP formation. Clearly, the decrease in the rate of 
CTP formation observed in the time course assay 
could be due to CTP feedback inhibition of the 
enzyme. 
Production o f  CTP as a funct ion o f  the amount  o f  
extract used 
Figure 2 shows the results of an experiment in 
which various amounts of V79 cell extract were 
incubated under identical conditions and the 
amount  of CTP formed in each assay was meas- 
ured. The graph shows an initial lag phase when 
small amounts of extract were used, followed by a 
linear increase in CTP production until about 
20-25% of the substrate UTP has been converted to 
CTP. The observation of a lag phase when the 
smallest amounts of cell extract were used suggests 
that there may be inactivation of the CTPS under 
these conditions. 
Discussion 
The use of thin layer chromatography (TLC) in 
the assay of CTPS has the obvious advantage that it 
allows multiple samples to be run at the same time. 
173 
However, the time saving advantage of TLC may be 
negated if preparations of the samples are required 
prior to chromatography; this is the case when the 
pyrimidine nucleotides must be acid hydrolyzed to 
the mononucleotide level or enzymatically convert- 
ed to the corresponding nucleosides. The TLC 
procedure described in this communication allows 
for a direct separation of UTP and CTP, and the 
degree of separation is such that the product of the 
assay, CTP, migrates clearly ahead of the substrate 
UTP. We have found the procedure simple to per- 
form and the results reproducible. 
The observation of apparent synergism between 
potential amino donors in the assay of CTP synthe- 
tase has not, to our knowledge, been previously 
reported. Our experiments demonstrate that sever- 
al combinations of potential amino donors are ef- 
fective in allowing the conversion of UTP to CTP, 
i.e., L-glutamine plus NH4HCO3, L-glutamine plus 
L-arginine, and L-glutamine plus potassium phos- 
phate. Clearly, the complete understanding of the 
apparent synergism will require kinetic studies de- 
voted to the mechanism of the purified enzyme. The 
reason for developing the modified CTPS assay 
procedure and for using Chinese hamster cell ex- 
tracts was a prelude to studies with Chinese hamster 
cell CTPS mutants isolated in this laboratory. The 
results on the genetic and biochemical characteriza- 
tion of these mutants will be presented elsewhere. 
However, it is possible to discuss what is currently 
known about  the mechanism of CTPS and to sug- 
gest where our observations may fit into the 
scheme. Koshland and Levitzki in their excellent 
review (1) have detailed the mechanism of CTPS; 
this review provides the basis for the following dis- 
cussion concerning the mechanism. The enzyme 
functions as a tetramer of 4 identical subunits. The 
initial step involves the reaction between the amino 
donor  L-glutamine and the CTPS to form a com- 
plex; the linkage is via a thioester bond with a 
cysteine molecule from the enzyme. The formation 
of the complex results in the liberation of ammonia. 
Apparently the complex can form when the enzyme 
is a dimer and ATP and UTP are absent. The 
tetramer forms in the presence of ATP and UTP. 
The L-glutamyl-enzyme complex then reacts with 
water to give the free enzyme and L-glutamic acid. 
The allosteric effector, GTP, apparently assists in 
producing a conformational change in the enzyme 
which specifically involves the formation of the 
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L-glutamyl-enzyme complex. When ammonia is 
used as the amino donor  instead of L-glutamine, no 
L-glutamyl-enzyme complex can be formed; thus 
GTP only has an allosteric effect when L-glutamine 
is the amino donor. The L-glutamine analog 6-dia- 
zo-5-oxo-L-norleucine (DON) can react with a cys- 
teine molecule to prevent the L-glutamine reaction 
with the S-H group, thus inhibiting the reaction. 
The exact mechanism of the subsequent steps is 
not precisely known, but the steps occur rapidly 
and are not dependent on the amino donor used. 
One possible mechanism would occur in the follow- 
ing order. When the amino donor  is L-glutamine, 
the NH3 formed 1) reacts immediately with UTP to 
form an adduct, 2) this adduct then reacts with ATP 
to give a phosphorylated adduct of UTP plus ADP, 
and 3) the phosphorylated adduct of UTP elimi- 
nates phosphate to yield CTP. When L-glutamine is 
the amino donor  the liberated NH3 reacts directly 
with UTP and does not interact with the solvent; 
this will happen only if both UTP and ATP are 
present. When either UTP or ATP is absent, the 
liberated NH 3 will interact with the solution. 
An analog of ATP, adenylimidodiphosphate 
(AMP-PNP)  has been used in place of ATP to help 
elucidate the role played by ATP. The analog 
has a - ~ -  bond between the/3 and 7 phosphates, 
H 
replacing the -0- bond. When AMP-PNP is used in 
place of ATP in the CTPS assay, the analog appar- 
ently occupies the same site ATP would normally 
occupy, but it is not used as a substrate. When all 
necessary components are present in the CTPS as- 
say and L-glutamine and AMP-PNP are used, no 
CTP is formed but L-glutamine is hydrolyzed. It is 
also known that the reactions with free NH 3 and 
L-glutamine are competitive; if L-glutamine is ab- 
sent, then free ammonia will use the ammonia site 
for CTP production. 
Purification of CTPS from Chinese hamster cells 
is hampered because of the difficulty of obtaining a 
sufficient quantity of cells. However, when at least a 
partial purification of CTPS from Chinese hamster 
cells is obtained, we plan to focus on the roles 
played by each amino donor  component  in the 
various synergistic combinations. For example, 
with the synergistic combinations of L-glutamine 
plus NH4HCO~ or L-arginine we do not know if 
each component contributes an -NH 2 group to 
UTP or whether one of the components acts only to 
'facilitate' the -NH 2 transfer by the other compo- 
nent. Our results indicate that when L-glutamine 
and NH4HCO 3 were used as potential amino do- 
nors a small reduction (about 16%) in CTP forma- 
tion was observed when GTP was omitted from the 
assay mixture. Since GTP is an allosteric effector 
only when L-glutamine is the amino donor, the 
results could indicate that NH4HCO s may be the 
major donor. Still unexplained, however, is the 
reason for the apparent synergism of the potential 
amino donors, since L-glutamine clearly enhances 
the production of CTP when in combination with 
NH4HCO 3. The present understanding of the 
mechanism of CTPS does not indicate that a con- 
formational change takes place when the amino 
donor, L-glutamine, forms a complex with a cys- 
teine moiety of the enzyme. Although the glutamine 
reaction and the ammonia reaction are apparently 
competitive, we are unclear whether the amino 
group of L-glutamine and ammonia occupy exactly 
the same site. Perhaps the synergism we observe 
involves small changes in conformation such that 
one or both potential amino donors achieves a 'bet-  
ter fit' at the ammonia site. 
When L-glutamine and L-arginine were used as 
potential amino donors we found a moderate re- 
duction (about 51%) in CTP formation if GTP was 
omitted from the assay mixture. This could suggest 
that both L-glutamine and L-arginine are contrib- 
uting about equally as amino donors. Again unex- 
plained is the apparent synergism between both 
potential donors. 
The combination of L-glutamine and potassium 
phosphate resulting in the conversion of UTP to 
CTP may be a different type of synergism than that 
between L-glutamine and NH4HCO 3 or L-arginine. 
Clearly, potassium phosphate does not have an 
amino group to donate, unlike NH4HCO 3 or L-ar- 
ginine. The only time a phosphate group is involved 
in the actual mechanism is the addition of phos- 
phate derived from ATP to the UTP adduct that 
has just received the amino moiety. The phosphate 
group forms a bond at position number 4 of the 
pyrimidine ring of the UTP adduct, replacing an 
-OH group at the same position; this phosphate 
group is then cleaved, leaving only an -NH group 
bound at position number 4, which is the product 
CTP. Our result may indicate that potassium phos- 
phate first reacts with UTP to add the phosphate 
group to ring position number 4, resulting in both a 
p h o s p h a t e  g roup  and an -OH group  at  this posi -  
t ion.  This UTP  adduc t  may  then be more  receptive 
to the add i t i on  of  the amino  group  f rom L-glu ta-  
mine to pos i t ion  4, rep lac ing  the -OH group.  This  
new adduc t  would  then e l iminate  the phospha t e  to 
yield CTP.  A possible  exper imen t  would  be to use 
the A T P  ana log  A M P - P N P  in a reac t ion  mix ture  
con ta in ing  bo th  L-g lu tamine  and po tas s ium phos-  
phate .  CTP  p roduc t ion  might  occur  if the potass i -  
um p h o s p h a t e  in the assay  mix ture  could  replace  
the phospha t e  g roup  n o r m a l l y  t ransfer red  f rom 
A T P  to the U T P  adduct .  
Fu tu re  expe r imen t s  to clar i fy the ques t ion  of  
a m i n o  donor ( s )  could  use a s table i so tope  such as 
15N in one of  the po ten t i a l  a m i n o  donors .  F o r  ex- 
ample ,  e i ther  L-g lu tamine  or  N H 4 H C O  3 could have 
15N in the poten t ia l  d o n o r  g roup  while the o ther  
c o m p o u n d  would  have 14N in its d o n o r  group.  The  
C T P  p roduced  in such an assay could  be col lected 
and ana lyzed  to de te rmine  if the a m i n o  g roup  of  
C T P  con ta ined  only  15N, only 14N, or  a c o m b i n a -  
t ion  of  both .  The  same p rocedu re  could  be used for  
L -g lu tamine  plus L-arginine .  Such exper iments  
would  be def ini t ive in d e m o n s t r a t i n g  the t rue ami-  
no donor(s) .  A n  add i t iona l  exper imen t  which would  
be po ten t ia l ly  useful would  be to use rad ioac t ive  
L-arg in ine  in synergis t ic  c o m b i n a t i o n  with L-glu-  
t amine  to assay CTPS .  The reac t ion  mix could  be 
c h r o m a t o g r a p h e d  using thin layer  to separa te  the 
rad ioac t ive  po ten t i a l  subs t ra te ,  L-arginine ,  f rom 
poss ib le  rad ioac t ive  p roduc ts .  In tha t  way we 
would  pe rhaps  be able  to gain  some insight  con-  
cerning the mechanism.  
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